ABSTRACT: Fluorescent-surface enhanced Raman scattering (F-SERS) dual mode tags showed great potential for bioimaging due to the combined advantages of intuitive, fast imaging of fluorescence and multiplex capability of SERS technique. In previously reported F-SERS tags, organic fluorescent dyes or quantum dots were generally selected to generate fluorescence signal. Herein, we reported the first proof-of-concept upconversion fluorescence (UCF)-SERS dual mode tags based on near infrared (NIR) laser (980 nm) excited upconversion nanoparticles (UCNPs) for live-cell and in vivo imaging. Three components involved in this tag: NaYF 4 :Yb,Er UCNPs@SiO 2 serving as the fluorescent core of the tag; silver nanoparticles in situ grown on the surface of UCNPs@SiO 2 for generating characteristic Raman signal; and denatured BSA coating rendering the tag's stability and biocompatibility. The UCF-SERS tags integrated the NIR imaging capability of both fluorescent UCNPs and plasmonic SERS nanoprobe, which facilitated dual mode bioimaging investigation, especially for living animals. Ex vivo experiments revealed that with 980 nm and 785 nm NIR laser irradiations, the UCF and SERS signals of the tags could be detected from 3 and 7 mm deep pork tissues, respectively. Furthermore, the in vivo imaging capabilities of UCF-SERS tags were successfully demonstrated on living mice. The developed dual modality tags held great potential for medical diagnostics and therapy.
■ INTRODUCTION
Surface-enhanced Raman scattering (SERS) tag was a kind of novel light scattering optical probe composed by noble metal nanoparticles (NPs), Raman reporter molecules and surface protection materials. 1 SERS tag possessed many advantages over fluorescence dyes and quantum dots (QDs) for their tremendous multiplexing capacity, quantification capability, high photostability and biocompatibility. Up to now, they had been successfully applied for molecular detection, 2−4 live-cell sensing, 5, 6 tissues diagnosis 7 and in vivo imaging. 8 To extend the functionality of SERS tags, recently several SERS-related multimodal probes had been developed, such as tags integrating SERS with fluorescence, 9−11 X-ray computed tomography (CT), 12 or magnetic resonance imaging (MRI) signals. 13, 14 Among them fluorescent-SERS (F-SERS) dual mode tags were the most extensively investigated. As is wellknown, SERS was superior from the aspect of multiplex capability, whereas it was inferior in imaging speed. By contrast, fluorescence imaging was intuitive and faster than SERS imaging, but its multiplex sensing ability was not satisfactory, especially for in vivo investigation. The application of F-SERS dual mode tags was promising to improve the imaging quality: the fluorescence severed as a fast indicator and the SERS signal was used to distinguish specific targets in multiplex interactions. Recently, F-SERS tags have been successfully used for the duplex detection of different markers co-expressed on breast cancer cells 10 and in vivo fluorescence imaging, SERS detection, and photodynamic therapy in living mouse. 15, 16 The selection of fluorophores determined the fluorescent properties of F-SERS tags. Organic dyes derivatives, such as fluorescein isothiocyanate (FITC), Rhodamine B isothiocyanate (RBITC)-labeled silica precursors, 9, 10, 17 or polyelectrolytes 18, 19 had been selected to generate fluorescence of dual mode tags via the conjugation on the SERS cores through silane chemistry or electrostatic force induced layer-by-layer deposition. RBITC was also reported to directly adsorb onto Ag, 20 acting as both Raman reporter and fluorescence generator. Recently, Cui's group carried out serial works on design and application of F-SERS tags by using QDs as fluorescence emitters. 21, 22 Compared with organic dyes, QDs were superior because of the narrow emission peaks and multiple colors. By separately modifying two distinct SERS tags with different colored QDs, interesting multiple codes in a permutation combination manner could be obtained, which further enlarge the multiple labeling ability of sole QDs or SERS tags. 23 In recent years, lanthanide-based upconversion nanoparticles (UCNPs) had drawn great interests in biological application owing to their unique fluorescence mechanism, which absorbed 980 nm near infrared (NIR) light (a biologically transparent window), and emit high energy visible photons through an upconversion process. 24 UCNPs shared similar advantages with QDs such as narrow emission bandwidth, tunable multicolor, while overcame some limitations such as photostability, photoblinking and cytotoxicity. 25−27 These advantages made UCNPs ideal candidates for developing multifunctional theranostic nanoplatforms combining optical imaging, drug delivery, and photodynamic therapy that used at the level of living cells and small animals. 28−32 We speculated that UCNPs and plasmonic noble metal NPs were to be good fit to produce upconversion fluorescence (UCF)-SERS probe owing to the following two reasons. (1) NIR excitation of UCNPs had a deep penetration depth in tissue, making UCNPs suitable for in vivo applications. Meanwhile, NIR SERS tags were also reported for small animal imaging. The combination of these two NIR compatible probes might generate novel dual mode tags that could deliver more valuable in vivo information. (2) Recent published works revealed that the assembling of UCNPs with gold 33 and silver NPs 34 or shells 35 (typical noble metal NP SERS substrates) could enhance the UCNPs' luminescence by one order of magnitude at optimal conditions. This unique up-regulating plasmonic modulation effect was crucial to obtain satisfactory fluorescence sensitivity during the construction of F-SERS tags. By contrast, when using organic dyes or QDs as fluorophores, endeavors should be made to preserve the fluorescence because it was easily quenched by adjacent noble metal NPs.
To prove our speculations, we performed the first proof-ofprinciple investigation on dual modality probes combining UCF and SERS signals for living cell and small animal imaging. As shown in Scheme 1, the UCF-SERS tag was composed of three components. The first was silica coated NaYF 4 :Yb,Er UCNP, which served as the fluorescent core of the tag. The second was a typical SERS-tag structure building from Ag NPs in situ grown on silica layer and different kinds of Raman reporters. Furthermore, denatured BSA (dBSA) was coated on the tag to improve the colloidal stability and biocompatibility. The UCF and SERS properties of the as-prepared tags were deeply studied and the bioimaging capabilities were demonstrated on MCF-7 cells and a living mouse.
■ EXPERIMENTAL SECTION
Materials. RE 2 O 3 (RE = Y, Yb ,and Er), oleic acid (OA, 90%), 1-octadecen (ODE, 90%), ammonium fluoride and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Aladdin Reagent Company. CO-520 (average molecular weight of 441), 3-mercaptopropyl-triethoxysilane (MPS, 80%), 3, 3′-diethylthiadicarbocyanine iodide (DTDC), 3, 3′-diethylthiatricarbocyanine iodide (DTTC), bovine serum albumin (BSA) were purchased from Sigma-Aldrich. Tetraethylorthosilicate (TEOS), sodium hydroxide, sodium borohydride, silver nitrate, ethylene glycol, ethanolamine, crystal violet (CV), malachite green (MG) and rhodamine 6G (Rh6G) were purchased from China National Medicine Corporation Ltd. All chemicals were used as received without further purification. RECl 3 were prepared by dissolving the corresponding RE 2 O 3 in hydrochloric acid solution. The products were evaporated and redissolved in distilled water.
Characterization. The transmission electron microscopy (TEM) images were acquired on a JEM-1400 transmission electron microscope (JEOL, Japan). UV/vis/NIR absorption spectra were recorded on a Thermo Scientific NanoDrop 2000/2000C spectrophotometer. The hydrodynamic diameters were measured on a Zetasizer Nano ZS90 (Malvern, UK). The UCF spectra were measured on a FluoroMax-4 spectrofluorometer (HORIBA, France) by using a 980 nm laser (1.0 W) as the excitation source. SERS spectra acquired from 632.8 nm laser irradiation were recorded on a DXR Raman Microscope (Thermal Fisher, USA) with a laser power of 2 mW. The sample solutions were filled in glass capillary with a diameter of 0.1 mm and focused by a 10× microscope objective. SERS spectra obtained from 785 nm laser irradiation were detected using an Agility Raman spectrometer (BaySpec, USA). The laser power was 200 mW and the integration time was 1 s. The testing solutions were dropped on a silicon wafer before SERS measurements.
Synthesis of NaYF 4 :Yb,Er UCNPs. NaYF 4 :Yb,Er UCNPs were synthesized following a published work. 36 Briefly, RECl 3 (1 mM, Y:Yb:Er = 78:20:2) were added to a three-necked flask containing OA (6 mL) and ODE (15 mL). The mixture was heated to 160°C for 30 min and then cooled down to room temperature. Afterwards, 10 mL methanol solution of NaOH (2.5 mM) and NH 4 F (4 mM) was added slowly and the solution was stirred for another 30 min. After evaporation of methanol, the mixture was rapidly heated to 300°C under stirring in nitrogen atmosphere for 1 h and then cooled to room temperature. The resulting NPs were precipitated by the addition of ethanol, separated by centrifugation, washed several times with ethanol, and redispersed in cyclohexane.
Synthesis of UCNP@SiO 2 NPs. One-half of a milliliter of CO-520, 8 mL of cyclohexane, and 2 mL of UCNP solution were mixed and stirred for 10 min. One-tenth of a milliliter of 30 wt % ammonia was then added and the container was sealed and sonicated for 20 min until a transparent emulsion was formed. Eight-hundreths of a millimeter of TEOS was then added into the solution. The solution was stirred for 48 h at a speed of 600 rpm. UCNP@SiO 2 NPs were precipitated by adding acetone, washed with ethanol/water (1:1 v/v) twice, and then redispersed in 6 mL of ethanol.
Synthesis of UCNP@SiO 2 @Ag Nanocomposites. One-quarter of a milliliter of UCNP@SiO 2 NPs was added into 4.5 mL of 1.5% w/ w MPS in ethanol, and stirred for 20 h at 25°C. The product was centrifuged and washed with ethanol twice to remove the excess MPS. The thiol-modified UCN@SiO 2 NPs were equally separated into four 1.5 mL eppendorf tubes. Three of the samples were redispersed in 0.8 mL of 1.0, 2.0, and 3.0 mM AgNO 3 (ethylene glycol) solution, followed by adding 0.08 mL of 100 mM ethanolamine (ethylene glycol) solution after 30 min. These three tubes were placed on a shaker for 12 h at 25°C. The obtained NPs were centrifuged and washed with ethanol twice, and redispersed in 0.8 mL of water.
Synthesis of dBSA-Capped UCF-SERS Tag. 0.5 mL of asprepared UCNP@SiO 2 @Ag nanocomposite solution was mixed with 0.1 mL of different Raman reporter solutions (CV, MG, Rh6G, DTDC and DTTC) with the final concentration of 1 μM. After 30 min, 0.1 mL of dBSA solution was added followed by 12 h of incubation. dBSA was prepared by chemically treating BSA with NaBH 4 accordingly to a previously published procedure. 37 BSA reduced under this condition would have most of its disulfide bonds converted into thiol groups. The dBSA modified UCF-SERS tags were centrifuged and washed with water twice to remove the excess Raman reporter and dBSA, and then redispersed in 0.5 mL of water.
MTT Assay. MTT assays were carried out to evaluate the potential cytotoxicity of UCF-SERS tags with U87 glioblastoma-astrocytoma cells, L02 liver cells and MCF-7 breast cancer cells. These three kinds of cells were seeded onto 96-well plates (1×10 4 cells per well), respectively. After cultivation in 5 % CO 2 at 37°C for 24 h, different concentration of the tags (0, 1.6, 3.2, 6.5, 13.0, and 32.5 μg mL -1 ) were added into the wells and incubated with the cells for 24 h. A stock solution of MTT (20 μL, 5 mg mL -1 ) was added into each well. After 4 h incubation at 37°C, the MTT solution was replaced with 150 μL DMSO in each well. The plates were gently shaken for 30 min at room temperature before measuring the absorbance at the wavelength of 490 nm. The cytotoxicity was expressed as the percentage of cell viability compared to control cells.
Cellular Optical Imaging. UCF-SERS tags were gently mixed with live MCF-7 cells and incubated for 2 h. The culture medium containing free tags were then discarded and the cells were washed with fresh culture medium for three times. UCF imaging of MCF-7 cells was performed on a modified Olympus FV-1000 laser confocal scanning microscope with an external 980 nm NIR laser. To confirm the uptake of the tags by the cells, three-dimensional confocal imaging was taken at different depths along the z-axis. SERS spectra of the labeled cells were recorded by a DXR Raman microscope with a 50× microscope objective. The wavelength of the laser was 632.8 nm and the power was 2 mW.
In Vivo Optical Imaging. 50 μL of the tag solution was injected subcutaneously at the abdomen of an anaesthetized Kunming mouse. The UCF at the injection position irradiated by 980 nm laser (200 mW) was captured via a digital single lens reflex camera (Canon, Japan). The subcutaneous SERS spectrum was detected using an Agility Raman spectrometer (BaySpec, USA). The laser power was 200 mW and the integration time was 1 s. The control spectrum was taken in an area away from the injected site.
■ RESULTS AND DISCUSSION
Morphology of UCNP@SiO 2 @Ag Nanocomposite. The morphology of the prepared NPs was characterized by TEM. As shown in Figure 1a , the NaYF 4 :Yb,Er UCNP was sphere with an average diameter around 35 nm. The TEM image of UCNP@SiO 2 NPs with about 10 nm silica shell was shown in Figure 1b . The silica coating not only made the UCNPs hydrophilic but also provided a gap with optimal distance between UCNPs and further growing Ag NPs, which was beneficial for UCNPs to achieve the maximum luminescence enhancement. 34 Ag NPs were in situ grown on thiol modified UCNP@SiO 2 NPs through reduction of AgNO 3 by ethanolamine in ethylene glycol. Optical Properties of dBSA-Capped UCF-SERS Tag. dBSA protected UCF-SERS tags possessed excellent water solubility and the following studies were all performed in aqueous media. The up panel in Figure 2a (from left to right) showed the sample images of UCNP@SiO 2 and the tags with 1, 2, and 3 mM Ag, respectively. The color of the solutions turned from colorless to yellow and finally became dark brown with increasing amount of Ag. Upon excitation at 980 nm, apparent fluorescence was observed from these samples, which appearing predominantly green color (Figure 2a, down panel) .
To characterize the color variation, UV/vis/NIR absorption spectra of these samples were measured. As illustrated in Figure  2b , UCNP@SiO 2 sample showed no apparent absorption. UCF-SERS tag (1 mM Ag) sample displayed an absorption peaks around 435 nm, corresponding to the SPR band of single Ag NP. A slight red-shift (440 and 447 nm) and broadening of the plasmon resonance band were observed for the tags with 2 and 3 mM Ag, respectively, which was contributed by the growing size of coated Ag NPs and the formation of Ag clusters.
The fluorescence spectra of the four samples displayed two emission bands centered at 542 and 658 nm under the excitation at 980 nm (Figure 2c) 36 The coating of Ag NPs did not change the fluorescence spectra profile of UCNPs obviously. However, the emission intensity of the tags was tuned. For both UCF-SERS tags with 1 and 2 mM Ag, the fluorescence of UCNP was enhanced and the enhancement factor was determined to be 1.74 and 1.81, respectively. It was regarded that Ag NPs influenced the emission process of UCNPs mainly in two ways, i.e., the enhanced radiative decay which could increase emission intensity, and metal induced energy transfer which resulted in the fluorescence quenching. As the separation distance between Ag NPs and UCNPs increased, both effects would be weakening. However, the energy transfer rate decreased more rapidly. Therefore, the enhanced radiative decay rate would take a dominant role so that enhanced fluorescence could be obtained. 34 When the Ag concentration was 3 mM, the fluorescence intensity of the nanocomposites declined to about 83% intensity of UCNP@SiO 2 precursor. This was possibly caused by the enhanced inner filter effect resulting from the growing number and size of Ag NPs on UCNP@SiO 2 .
Furthermore, the influence of different Ag NP coating conditions on SERS signals of UCF-SERS tags was investigated by using DTTC as the Raman reporter. As shown in Figure 2d , e, no SERS signal could be detected from UCNP@SiO 2 NPs, whereas characteristic Raman peaks of DTTC around 506, 781, 846, 1130, and 1240 cm −1 were observed for three tags under both 632.8 nm and 785 nm laser irradiations. The SERS intensity increased with the growing amount of Ag. This SERS increasing trend was attributed to the following reasons: (1) The size of single Ag NPs played a crucial role for SERS signal enhancement ability. 38 The Ag NPs in UCF-SERS tags were reaching the optimal size (30−50 nm) for SERS application upon continuous growing. (2) The growth process made the adjacent Ag NPs very close, thus form a proportion of NP dimers and small clusters. Intense electromagnetic field would be generated at the junctions between NPs (hotspots), which greatly increased the SERS intensity of Raman reporters in the tags.
1 Figure 2f showed the connections between dual mode optical intensities and the Ag content of the UCF-SERS tags. The SERS intensity of 1130 cm −1 peak (632.8 nm irradiation) continuously increased (the trend was similar with 785 nm irradiation), while the UCF underwent a growing-declining process with the Ag content increasing from 1 to 3 mM. To make a compromise of these two factors, the UCF-SERS tags (2 mM Ag) were in the following experiments.
To render multiplex labeling ability of the tags, five kinds of dye molecules (MG, CV, Rh6G, DTDC and DTTC) were tested as Raman reporters by using UCNP@SiO 2 @Ag (2 mM) nanocomposites as SERS substrates. As illustrated in Figure S1a in the Supporting Information, the characteristic Raman peaks could be observed for all five dyes by using a 632.8 nm laser source, among which CV and MG labeled tags showed extremely high intensities. By contrast, when 785 nm NIR laser was applied, only DTTC showed strong SERS signal, and those of the other four reporters were too weak to be detected (see Figure S1b in the Supporting Information). Previous studies demonstrated that the absorption feature of reporter molecules dramatically affected the Raman signal enhancing ability. When the absorption matched the excitation-laser's wavelength, surface enhanced resonant Raman scattering (SERRS) occurred, and the enhancement factor might be further enhanced 100 times. 39 In our experiment, the maximum absorption of MG (615 nm) and CV (589 nm) had a good match with 632.8 nm laser while that of DTTC (764 nm) was close to 785 nm (see Figure S2 in the Supporting Information). Therefore, these Raman reporters showed strong characteristic signals at the corresponding irradiation conditions. The above results implied that UCF-SERS tags with multiple SERS signatures for cell labeling (with 632.8 nm irradiation) could be obtained, whereas only the tag with DTTC as the Raman reporter met the requirement for both cell and in vivo imaging (with 785 nm irradiation). Therefore, DTTC labeled UCF-SERS tags were applied in the following study and the signal stability of both signals of the tags were satisfactory (see Figure  S3 in the Supporting Information).
We further investigated the influence of dBSA modification on the sensing capability of the tags. We measured the upconversion fluorescence and SERS signals (irradiated with 632.8 nm laser) of DTTC labeled UCNP@SiO 2 @Ag (2 mM) nanocomposites before and after attaching dBSA. As shown in Figure S4 in the Supporting Information, dBSA molecule almost did not affect both optical features of the tags. The tags were monodispersive and stable in water and pH 7.4 phosphate buffered saline (see Figure S5 in the Supporting Information), which were ready for biological labeling investigations.
Cytotoxicity Study and Cell Imaging. The cytotoxicity of the UCF-SERS tags was estimated by MTT assays on U87 glioblastoma-astrocytoma cells, L02 normal liver cells and MCF-7 breast cancer cells. It had been reported that UCNP@ SiO 2 @Ag nanocomposites were cytotoxic, which might be arisen from the ethanolamine-capped Ag NPs. 34 To overcome this problem, the biocompatible dBSA was used as the capping agent of the tags by taking the place of ethanolamine through Ag−S bonds between Ag NPs and multiple thiol groups in dBSA. The MTT results indicated that there were no significant decreases in cell viability even after incubation at the highest dose of dBSA protected UCF-SERS tags (32.5μg mL −1 ) (Figure 3 ).
To monitor the intracellular uptake and dual mode optical labeling property of UCF-SERS tags, MCF-7 cells were incubated with the tags for 2 h. After washing the free NPs in culture medium, the cells were imaged in bright field and fluorescence field respectively by an Olympus confocal microscope equipped with a 980 nm NIR laser. Obvious green and red UCF were simultaneously observed at the cancer cells. Additionally, taking advantage of the ″optical sectioning″ function of laser confocal fluorescence microscope, fluorescence images were acquired at different confocal depth (along z-axis) (Figure 4b, c) . All the results clearly indicated that a large amount of the tags were spread in cytoplasmic regions of the cells and the green and red fluorescence were co-localized inside the cells. By contrast, the control cells incubated without the tags showed no fluorescence under similar imaging conditions (see Figure S6 in the Supporting Information).
Furthermore, we investigated the intracellular SERS performance of the dual-mode imaging tag by Raman microscopy with the excitation wavelength of 632.8 nm. Figure 5 showed a darkfield image of the tag-labeled MCF-7 cells, and SERS spectra at five different laser spots across one cell. Obviously, strong characteristic Raman peaks of DTTC were recorded from UCF-SERS tags accumulated in cytoplasma. The SERS signals at the nucleus and the glass slide were nearly undetected.
Dual Mode Imaging Investigation in Vivo. To demonstrate the effectiveness of UCF-SERS tags for imaging of deep tissue, we wrapped a cuvette containing 100 μL of the tags with slices of pork tissue of different thickness, and then recorded the fluorescence and SERS signals. Figure 6a showed the images of the sample and fluorescence obtained with the excitation of 980 nm laser. Strong green upconverted emission could be monitored from the cuvette. Figure 6b sharply (3 mm) and became nearly undetected when the thickness reached 4 mm.
Subsequently, the SERS signals were measured from the tissue wrapped cuvett via Agility Raman spectrometer with a NIR excitation laser (785 nm). As shown in Figure 6c , the SERS intensity of UCF-SERS tag solution sharply decreased with the coverage of pork tissue. The intensity of both Raman peaks at 506 and 782 cm −1 dropped to about 4% of their initial values after being coated with 1 mm tissue. With the depth of tissue increasing, the SERS signals underwent a continuous decrease. However, it could be seen from Figure 6d that despite there being a great loss of the SERS intensity compared with the sole tag solution, detectable SERS signal could still be obtained even from the cuvette wrapped with pork tissue coating as thick as 7 mm. These results indicated that the SERS signals generated from UCF-SERS tags could be detected from deep tissues and were sufficient for in vivo detection.
Finally, the in vivo dual mode imaging performance of the UCF-SERS tags was evaluated in a mouse. A portion of 50 μL of the tag solution was injected subcutaneously at the abdomen of an anaesthetized Kunming mouse. As indicated in Figure 6e , the UCF could be seen at the injection positions with naked eyes upon the irradiation of 980 nm laser (200 mW). SERS measurement was also successfully carried out. No Raman signal could be observed from the animal skin. By contrast, the spectral signatures of F-SERS tags could be clearly distinguished at the injection location through the mouse skin, despite the intensity decreased to about a quarter of that of pure tag solution. These results proved the high sensitivity of our UCF-SERS tag and its potential to be used for future UCF and SERS dual mode imaging studies in animal models.
■ CONCLUSION
In summary, we proposed the first UCF-SERS dual mode tag for living cell and in vivo bioimaging. Satisfactory fluorescence sensitivity was achieved because the fluorescence of UCNP was enhanced by the attached Ag NPs serving as SERS substrates. The selection of DTTC Raman reporter generated strong SERS signal, which was sufficient for both cell and deep tissue detection. Taking advantages of these superior optical properties, in vivo imaging of UCF-SERS tags were successfully demonstrated on a living mouse by using 980 nm and 785 nm NIR irradiation.
Although this work described a proof-of-concept study of UCF-SERS dual mode tags, such tags held great potential for medical diagnostics and therapy with further improvement. First, although the excitation wavelength of UCNPs in this work was 980 nm, the emission was located in the visible region. We believed that there was still plenty of room to improve in vivo imaging sensitivity by the application of novel type of NIR in-NIR out UCNP. 40 Second, after screening more Raman reporters sensitive to 785 nm irradiation, in vivo multiplex labeling and detection using SERS techniques could be realized. Third, the biocompatibility of our tag can be further improved by taking place of silver NPs by gold nanoshells, or further coating silica shells on the surface of Ag NPs. Fourth, by proper surface modification with tumor-targeting molecules, the dual mode tags were promising to be applied for pre-clinical tumor diagnosis. 
